We investigated the developmental profde of copper-zinc and manganese superoxide dismutase (CuZnSOD and MnSOD) in tissue sections obtained from fetal (Day 12 to 21 of gestation) and neonatal (Day 0 and 6) cats. T h e s were stained iaununohistochemically with specif% antisera against the respective rat SODs. There was a general trend towards richness of SODS in the epithelial linings and metabolically active sites, although differential distribution between the two SODs also existed. At Day 12 of gestation, immunoreactivity for both SODs was detected in the cardiomyocytes but not in other tissues. Hepatocytes expressed CuznSOD at Day 14 and MnSOD at Day 17. By Day 18 CuZnSOD was detected in the epithelial cells of the gastrointestinal tract, respiratory tract, pancreatic islets, kidneys, and adrenals. These tissues exhibited MnSOD staining at Day 19. CuZnSOD occurred in the epithelia of the thyroid, thymus, and salivary glands at Day 19, while MnSOD was seen at Day 21. The increase in intensity of the staining for SODs occurred no later than postnatal Day 0, indicating that most tissues accumulated SODs during late gestation. Breathing atmospheric oxygen during early extrauterine life did not appreciably intensify the SOD staining. These results suggest that perinatal increase in SODs occurs as a general mechanism of preparation for birth. (1 &t&em C y t d e m 
Introduction
Superoxide dismutase (SOD; EC 1.15.1.1) is considered the key enzyme that protects cells against oxidative injury. In animal cells, two forms of intracellular SODs exist. One contains copper and zinc (CuZnSOD) and is found uniformly throughout the nucleus and cytoplasm. The other contains manganese (MnSOD) and occurs predominantly in the mitochondrial matrix (Slot et al., 1986) .
Levels of lung antioxidant enzymes have been reported to be lower in fetus than in full-term neonate (Hayashibe et al., 1990; Gerdin et al., 1985; Enswell and Freeman, 1984; Yoshioka et al., 1980; Yam et al., 1978) . This is assumed to reflect a low demand of cellular antioxidant capacity in fetus due to the low tissue oxygen concentration during intrauterine life (Autor et al., 1976) . The abrupt rise in the tissue oxygen concentration after birth facilitates oxidative metabolism, resulting in the increased production of superoxide anion radicals (Freeman and Crapo, 1981) . Superoxide can be an initiator of free radical chain reactions, thereby mediating oxidative injury. Accordingly, the inadequate antioxidant protection in premature neonates is postulated to be a primary factor for the pathogenesis of bronchopulmonary dysplasia (Frank and Sosenko, 1987) . Reactive oxygen species are reported to cause damage to heart (Simpson and Lucchesi, 1987) , kidney (Paller et al., 1984) . small intestine (Parks et al., 1983) , and various other organs.
Apart from fetal lung, information about SOD levels in other fetal tissues is limited. The SOD levels have previously been investigated in fetal rat liver (Pittschieler et al., 1991; Yoshioka et al., 1982; Mavelli et al., 1981) , brain (Mariucci et al., 1990) , small intestine (Engelhardt et al., 1987) , and in heart and kidney Hayashibe et al., 1990) . To measure the SOD, biological activity assays have been applied to crude tissue homogenates in some previous studies, and the data are relatively nonspecific and conflicting compared with the data obtained by immunoassay . To our knowledge, fetal rat immunoreactive SODs have been investigated only in the lung, kidney, liver, and heart (Pittschieler et al., 1991; Hayashibe et al., 1990) . Little is known about the developmental profile of SODS in other tissues.
Immunoenzyme staining revealed a wide range of variability in the expression of CuZnSOD and MnSOD from cell to cell Dobashi et al., 1991) . Reactive oxygen species are assumed to cause injury at the site of production because of their high reactivity and limited diffusibility, indicating the need for elucidating site-specific changes in SOD. Along these lines of evidence, we investigated the developmental profile of SOD distributions during the perinatal period. Immunohistochemical localization of both CuZnSOD and MnSOD was performed in various rat tissues sequentially from mid-gestation to the early neonatal period.
Materials and Methods

Antisera
Antisera were raised by immunizing Ncw Zealand White rabbits with purified SODS as described previously . The spccificity of the antisera has been established by the development of the radioimmunoassay system and was also confirmed by immunoblot analysis.
Immunoblotting. Rat liver homogenate was subjected to polyacrylamide gel electrophoresis in the presence of 0.1% sodium dodecyl sulfate (SDS-PAGE). The SDS-PAGE was performed according to the method of Laemmli (1970) . using slab gels (9 x 8 cm) consisting of a 4.5% stacking gel (pH 6.8) and a 10% running gel (pH 8.8) The proteins on the gel were electrophoretically transferred (Towbin et al., 1979) to a nitrocellulose membrane (Atto Corp; Tokyo, Japan) using 25 mM Trisl192 mM glycine containing 10% methanol (pH 8.3) as a blot buffer. After treatment with blocking buffer (15 mM sodium azidell% gclatinlPBS) for 30 min. the membrane was incubated with PBS containing 1% gelatin and antiserum (1:2000 for both CuZnSOD and MnSOD) for 2 hr at 25°C. After washing with 0.3% Tween ZOIPBS. the membrane was incubated with 0.05% antirabbit goat IgG F(ab) fraction labeled with horseradish peroxidase (HRP) (MBL CO; Nagoya, Japan) for 30 min. The HRP activity was visualized by the diaminobenzidine (DAB) reaction (Yokota, 1990) .
Tissues. Breeding was accomplished by placing male and female Sprague-Dawley rats (Japan SLC; Shizuoka, Japan) together overnight. The midpoint of the cohabitation period was considered to be the onset of pregnancy. Premature pups were delivered by hysterotomy with the dam under pentobarbital anesthesia (50 mglkg) at Days 12. 13, 14, 15, 16. 17, 18. 19, 20 . and 21 of gestation, and were decapitated immediately after the delivery. Organs were obtained from the 1-and 7-day-old neonatal rats under ether anesthesia. Two to four litters were sacrificed at each timepoint of the study. Tissues were fixed with 10% buffered formalin, dehydrated through a graded series of ethanol, and embedded in paraffin. Specimens were then cut into 2-pm thicknesses and stained by immunohistochemical technique.
Immunostaining. The method for immunostaining of both SODs has been described previously . In brief, after deparaffinization and rehydration the tissue sections were cxposed to 3% H202 for 10 min to inactivate endogenous peroxidase activity and then to 10% normal goat serum for 30 min to block nonspecific binding. The sections were incubated with diluted antisera (1:10,000 for anti-CuZnSOD and 1:5000 for anti-MnSOD) overnight at 4'C. then sequentially with 1% anti-rabbit IgG F(ab) fraction labeled with HRP for 60 min. and 0.56 mM DAB11.47 mM H202 for 5 min. Finally, the sections were mounted with Permount (Fisher Scientific; Pittsburgh, PA). As controls, tissue sections were treated in the same way except that antisera were replaced by normal rabbit serum at the same dilutions . and MnSOD in adult rat liver homogenate. Each antiserum depicted a single band corresponding to the subunit of the respective SOD. There was no extraneous substance that crossreacted with the antisera. The molecular masses of the subunits for the CuZnSOD and MnSOD were 17 KD and 22 KD, respectively.
Results
Immunoblot AnaZysis
Immunostaining for SODs
Heart, Lung, and Thymus. Positive staining for both CuZnSOD (Figure 2a ) and MnSOD was detected at fetal Day 12 in the cardiomyocytes. but not in other structures of the whole body sections (Tables 1 and 2 ). Intensity of the staining for CuZnSOD, but not for MnSOD, increased in the cardiomyocytes at Day 21 ( Figures  2b and 2c ). The bronchiolar epithelium acquired moderate CuZn-SOD staining at Day 16 and moderate MnSOD staining at Day 18. The staining for SODs became moderate in the alveolar epithelium ( Figure 2d ) 1 or 2 days later than in the bronchiolar epithelium. The staining in both epithelia increased in intensity during late gestation (Figures 2e and 2f ). The thymus exhibited moderate staining for CuZnSOD at Day 19 and for MnSOD at Day 21.
Gastrointestinal Tract. At Day 19 the salivary glands were composed of intercalated ducts, excretory ducts, and terminal tubules with proacinar cells at the distal portion. Both the proacinar cells and ducts were moderately stained for CuZnSOD ( Figure 3a ). The acinotubular structure developed at Day 21. The ducts were then stained intensely and the acinar cells moderately for both SODs (Figures 3b and 3c ). From Day 13 to Day 17, CuZnSOD was expressed on the surface of the gastric epithelium (Figure 3d ). The columnar cells were moderately stained for both CuZnSOD (Figure 3e ) and MnSOD at Day 18. At Day 21 the epithelium protruded into the lumen, forming gastric pits. The parietal cells could be recognized at this stage. The columnar cells were stained intensely for CuZnSOD and moderately for MnSOD (Figures 3f and 3g) . Conversely, the parietal cells were stained intensely for MnSOD and moderately for CuZnSOD. The primitive villi of the intestinal epithelium were stained moderately for both MnSOD (Figure 3h ) and CuZnSOD from Day 18. From Day 21, the epithelial cells were stained intensely, and the goblet cells moderately, for both MnSOD (Figure  3i ) and CuZnSOD.
The hepatocytes displayed moderate staining for CuZnSOD from Day 14 (Figure 4a ). The staining in the hematopoietic cells increased in intensity at Day 18, whereas that in the hepatocytes was unaltered (Figure 4b ). Both the hepatocytes and hematopoietic cells were moderately stained for MnSOD from Day 17 (Figure 4c ), and intensity of the staining was unaltered thereafter.
Kidneys. Undifferentiated tubules could be recognized from Day 15. They did not acquire moderate staining. At Day 18 the tubules differentiated into the proximal and distal tubules. The former exhibited moderate staining for CuZnSOD (Figure 4d ). At Day 19 the proximal and distal tubules and the collecting ducts were moderately stained for both SODs. The CuZnSOD staining increased in intensity in the proximal tubules by postnatal Day 0 (Figure 4e ), while the MnSOD staining was intensified in the distal tubules and collecting ducts by Day 21 (Figure 4f ). The glomeruli were not stained.
Endocrine Glands. CuZnSOD occurred at Day 19 and MnSOD at Day 21 in the follicular epithelium of the thyroid (Figures 5a  and 5b ). Intensity of the staining for CuZnSOD remained unchanged (Figure 5c ), but that for MnSOD decreased transiently at birth ( Figure Id) . Pancreatic islets could be recognized at Day 16. At Day 18 the CuZnSOD staining was more intense in the islets than in the exocrine cells (Figure le) . Conversely, the acinar cells were more intensely stained for MnSOD than the islets (Fig  ure 5f ). Intensity of the staining for CuZnSOD, but not for MnSOD, in the islets increased at Day 21. The medulla and the fetal cortex could be recognized in the adrenals at Day 15. They acquired moderate staining for CuZnSOD ( Figure 5g ) and MnSOD at Day 18. The adult cortex developed at Day 21 and stained moderately for both SODs (Figures Sh and Si) . The fetal cortex was intensely stained for MnSOD at Day 21, but involuted after birth. The adult cortex had acquired intense MnSOD staining by postnatal Day 6.
Discussion
No previous study has dealt with the two distinct forms of intracellular SODs in fetal rat tissues as early as Day 12 of gestation. Utilization of the specific immunoenzyme staining method facilitated the study of the variety of tissues in the mid-gestational period of rat fetuses. The present study revealed that the two SODs occurred in the fetal rat tissues shortly after the completion of organogenesis. CuZnSOD was detected earlier than MnSOD in the following organs: lung, thymus, salivary gland, liver, and thyroid. Differential distribution between CuZnSOD and MnSOD, as was previously found in adult rat tissues , was established during late gestation in the columnar cells and parietal cells of the stomach, the islets and acinar cells of the pancreas, the cortex and medulla of the adrenal glands, and in the renal tubules and ducts. Therefore, the expressions of CuZnSOD and MnSOD appeared to be regulated independently of each other in the individual tissues from prenatal development.
Both SODs were found earliest in the cardiomyocytes and second earliest in the hepatocytes among the tissues studied. This appears to be consistent with the fact that structural and functional development occurs earlier in heart and liver than in the rest of the organs. Maintenance of circulation by the heart is evident early in embryonic development. Rat cardiomyocytes are known to start contracting regularly from Day 9 of gestation (Sissman, 1970) . Fetal liver is also known to actively synthesize proteins and enzymes from early gestation (Jones and Rolph, 1985) .
MnSOD was reported to occur postnatally in rat liver when activity assays were used for the studies (Mariucci et al., 1990; Mavelli et al., 1981) . On the other hand, immunoreactivity was detected previously at Day 18 (Pittschieler et al., 1991) . The expression of MnSOD in fetal rat liver was detected 1 day earlier in the present study than in Pittschieler's study, suggesting that the present immunohistochemical staining system is very sensitive. The activity assays generally used are known to be less sensitive than immunoassays. To enhance sensitivity of the assay, the latter is performed at an alkaline pH (around 10). The alkaline pH is well known to enhance the activity of CuZnSOD but not of MnSOD (Forman and Fridovich, 1973) , thereby reducing the contribution of MnSOD to the total SOD activity. Furthermore, we previously demonstrated that the MnSOD level was lower in rat tissues than in those of human or mouse even when measured by immunoassay . The failure to detect MnSOD activity in the fetal rat liver homogenates in the aforementioned studies may be at least partly due to the alkaline p H used in their assay systems and/or to the presumed relative scarceness of MnSOD compared with the CuZnSOD in the samples. We previously demonstrated that there was a general trend toward richness of either type of SOD in the surface epithelia and also in the metabolically active sites of the adult rats . The present results indicate that similar distribution of SODS is established in most tissues during the late gestational period. In the present parietal cells of the stomach. abrupt occurrence of the intense MnSOD staining was concomitant with the reported onset of active acid secretion (Hervatin et al., 1987) . sug-gesting that the functional maturation of energy-requiring metabolism necessitated the presence of abundant MnSOD in the mitochondria of these cells. Evidence suggests that SODS are distributed preferentially in the sites that are vulnerable to attack by reactive oxygen species Dobashi et al., 1991) . In addition to bronchopulmonary dysplasia, necrotizing enterocolitis (Parks et al., 1983) and acute tubular necrosis of premature neonates (Dauber et al., 1976) are also postulated to be mediated by reactive oxygen species. Rapid accumulation of SODS in the intestinal columnar epithelium and renal proximal tubules during late gestation, as observed here, supports the view that these sites are vulnerable to prenatal oxidative injury because of immaturity of the antioxidant capacity.
It has been demonstrated that exposure to atmospheric oxygen in vitro is toxic to early-stage embryos and that this toxicity is al- . . ,-.. leviated in the presence of exogenous SOD in the culture medium (Noda et al., 1991) . Therefore, SOD expression appears to be prerequisite for animal cells to acquire protection against oxygen exposure. In the present study, the late gestational increase in intensity of the staining for both CuZnSOD and MnSOD was not confined to lung and kidney but was observed in various other tissues. Assuming that the late gestational increase in SODS observed in the variety of tissues implies the acquisition of protection against oxygen, this phenomenon can be ascribed to a general mechanism of preparing for the increase in oxidative stress during extrauterine life. Lung SOD has been reported to be induced by hyperoxia (Hass et al., 1989) . Initiation of breathing after birth is known to increase tissue oxygen concentrations from the intrauterine levels. However, breathing atmospheric oxygen during the 6 postnatal days did not appreciably intensify the SOD staining in the present rat tissues. Since the two SODS are assumed to be omnipresent in mature animal cells possessing mitochondria, the lack of staining does not exclude their existence at a low level. Similarly, the lack of intensification of the staining during the postnatal period does not imply that the tissue SOD levels remain absolutely unaltered. However, the present results suggest that the change is more drastic in the late gestational period than in the early postnatal period.
